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Гидрогенизированные слои микроморфного кремния (a-Si:H/μc-Si:H) были получены на плёнках ZnO:B прозрачного 
проводящего оксида (ППО) с различной морфологией поверхности (различная шероховатость и оптическое рассея-
ние). Необходимая структура плёнок оксида цинка былa достигнута вариацией их толщины. Данная работа изучает за-
висимость структурных и оптических свойств слоёв Si от топографии ZnO. Наблюдается незначительное влияние мор-
фологии поверхности подложек на рамановский фактор кристалличности. Он уменьшается примерно на 5% при уве-
личении оптического рассеяния на ППО от 2 до >40%, при этом значительно увеличивается общее собирание света в 
ZnO:B/a-Si:H/μc-Si:H структурах (их коэффициент поглощения возрастает с 50 до 70%). Оптимальная комбинация 
структурных и оптических свойств обнаружена при >20% уровне рассеяния света на ППО. 
 
Ключевые слова: прозрачный проводящий оксид (ППО), собирание света, рамановский фактор кристалличности, 
гидрогенизированный микроморфный кремний (a-Si:H/μc-Si:H), оптическое рассеяние. 
 
Hydrogenated micromorph silicon layers (a-Si:H/μc-Si:H) were prepared on ZnO:B transparent conductive oxide (TCO) films 
with different surface morphology (roughness and optical haze value). The required structure of zinc oxide films was obtained 
varying their thickness. This study reveals the dependence of structural and optical properties of Si layers on the ZnO topogra-
phy. The minor influence of the substrate surface morphology on the silicon Raman crystallinity factor was observed. It was 
~5% decreased, when the TCO haze value was increased from 2 to >40%, while the light trapping properties were significantly 
increased (the absorption coefficient of ZnO:B/a-Si:H/μc-Si:H was grown from 50 to 70%). The optimum combination of struc-
tural and optical properties was found at >20% TCO haze level. 
 
Keywords: transparent conductive oxide (TCO), light trapping, Raman crystallinity factor, hydrogenated micromorph silicon 
(a-Si:H/μc-Si:H), optical haze. 
 
 
 Introduction 
 In the recent years ZnO films have found a 
wide application as transparent conductive elec-
trodes in thin film a-Si and μc-Si solar cells [1]. One 
of the main factors limiting the efficiency of such a 
kind of cells is a low light absorption coefficient 
which could be significantly improved using a light 
trapping effect on the boundary between silicon ab-
sorber films and transparent conductive oxide (TCO) 
layers [2]. Considering the case of ZnO films, the 
desired texture interface required for the light trap-
ping can be obtained via post deposition etching 
(when initial smooth surface structures from stan-
dard sputtering processing are used) [3] or via an 
adjustment of the growth procedure within chemical 
vapour deposition (CVD) methods, where the re-
quired surface structures are normally appeared as it 
is grown [4]. The latter fact makes CVD processes 
more attractive for TCO layers production regarding 
their further applications in Si thin film solar cells.  
Besides the light trapping effect normally de-
scribed by optical haze value [5], the ZnO surface 
structure may play a certain role over the formation 
of a-Si/μc-Si films (mainly, affecting the proportion 
between crystalline and amorphous silicon phases), 
which can be efficiently tracked via Raman crystal-
linity measurements [6], [7]. As a strong relationship 
is observed between Raman crystallinity and output 
parameters of microcrystalline silicon solar cells [6], 
the studies of the role of the substrate morphology 
on the Si nucleation are of great importance [7]. 
Therefore, more detailed researches on both light 
trapping properties of ZnO films and their surface 
effect over the microcrystalline silicon layer growth 
are required. In the present work the combined opti-
cal (transmittance/absorption/haze spectra) and 
structural (XRD/AFM/Raman) studies on ZnO:B 
and ZnO:B/a-Si:H/μc-Si:H structures are reported 
considering the light trapping effects and silicon 
layer crystallization depending on the surface mor-
phology of TCO front contact films. 
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1 Experimental details 
 The ZnO:B layers were deposited by a low 
pressure (0.5 mbar) chemical vapour deposition 
(LPCVD) on 5x5 cm2 glass substrates at 174 oC with 
TCO-1200 production set-ups (Oerlikon Solar, 
130x110 cm² processing area, 2.4 nm/s deposition 
rate), where H2O/DEZ (water/di-ethyl zinc vapours) 
were used as gas precursors while B2H6/hydrogen 
mixture was applied for boron doping. The optical 
haze of formed ZnO:B layers varied from 2 to 50% 
via their thickness adjustment at different deposition 
times, which allows efficient control of those pa-
rameters (see figure 1.1 (a)). Although the depend-
ence of optical haze value on the layer thickness in 
general case is described by a complex polynomial 
function, within the 1400–3000 nm interval (which 
corresponds to 12–50% optical haze values) it can 
be approximated as linear which simplifies a process 
control (figure 1.1 (b)). 
The obtained ZnO:B films with different haze 
level were then used as substrates, where silicon 
layers were simultaneously deposited following the 
same process recipe. They were grown by a plasma 
enhanced chemical vapour deposition (PECVD) 
using KAI-1200 production set up (Oerlikon Solar, 
130x110 cm² processing area) at 40 MHz plasma 
excitation mode in SiH4/H2 gas mixture (2.5 mbar 
gas discharge pressure with 1500/3200 W power 
levels respectively).  
The layers optical properties (transmittance, re-
flection) were measured by Lambda 950 Perkin 
Elmer spectrometer in the integration sphere con-
figuration with subsequent derivation of absorption 
spectra and cut-off frequency (in order to estimate 
the band-gap value). In the case of TCO films their 
diffuse transmittance was also studied in order to 
find the optical haze value (as a relationship between 
total and diffuse transmittance at 600 nm [1]). The 
structural studies were performed using x-ray dif-
fraction (XRD) and atomic force microscopy (AFM) 
methods, while the layers cross-section interface was 
studied by scanning-electron microscopy (SEM) 
technique. The obtained a-Si:H/µc-Si:H structures 
were additionally investigated by Raman spectros-
copy using 514 nm excitation light with a subse-
quent estimation of their Raman crystallinity factor 
following the standard fitting procedure [6], [7]. 
 
2 Results and discussion  
2.1 Structural properties 
The AFM images obtained from initial ZnO:B 
and ZnO:B/a-Si/µc-Si:H structures deposited on 
them are presented in figure 2.1. As one can see, the 
silicon films surface morphology in all cases signifi-
cantly depends on their substrate textures. The AFM 
roughness of microcrystalline silicon layers is found 
to be in a linear proportion to the roughness level of 
their TCO substrates (see figure 2.2 (a)). Neverthe-
less, the dependences between the optical haze value 
and film roughness for both ZnO:B and silicon lay-
ers are not linear. It is growing fast at low haze val-
ues (<20%) with subsequent saturation above 40% 
(see figure 2.2 (b)).  
Such a morphology behavior is well detected 
on ZnO:B/a-Si:H/μc-Si:H cross-section SEM images 
where the formed silicon layers are repeating the 
initial surface structure of TCO films (see fig-
ure 2.3 (a–c)). The obtained results are in good 
agreement with data reported in [6], [7], where the 
microcrystalline silicon phase consists of cones 
growing perpendicularly to the local substrate plane. 
Such mechanism provides proportional repeating of 
the morphology of underlying layers by formed sili-
con film and results in the liner proportion between 
their roughness values, which was observed in our 
experiments (see figure 2.2 (a)). 
 The gathered Raman spectra for silicon layers 
grown on the ZnO films with different optical haze 
are presented in figure 2.4. These measurements 
were performed following the front (irradiation from 
the Si surface side) and back (irradiation from the 
glass/ZnO side) configurations with a subsequent 
estimation of integrated intensities of peaks corre-
sponding to crystalline (at 510 and 520 cm-1) and 
amorphous (at 480 cm-1) silicon phases. The Raman 
crystallinity  coefficient  (Rc)  was  then  found  as a 
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a) b) 
Figure 1.1 – Optical haze value of ZnO:B layers (at 600 nm) as a function of CVD process time (a)  
and obtained film thicknesses (b) 
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a) b) c) 
 
d) e) f) 
Figure 2.1 – AFM pictures from ZnO:B layers (upper line) and a-Si:H/μc-Si:H structures deposited on them 
(bottom line). The ZnO:B and ZnO:B/a-S:H/μc-Si:H AFM pictures for <2% substrate haze level (measured 
at 600 nm) are given as (a) and (d); for 20% haze as (b) and (e); for 40% haze as (c) and (f) respectively 
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a) b) 
Figure 2.2 – Dependence of AFM roughness of grown a-Si/μc-Si layers on the roughness of ZnO:B substrate 
films (a) and both roughness as a function of TCO optical haze value (b) 
 
relation between crystalline peaks signal (I520+I510) 
and total spectra integration efficiency 
(I520+I510+I480) following the same algorithm as in 
[6], [7]. As main disadvantages of this method one 
has to mention low locality of those measurements 
(~20–30 nm deep from the light excitation surface 
[8]) and neglecting the differences in Raman diffu-
sion cross-section values between c-Si and a-Si:H 
phases, which have to be taken into account for pre-
cise calculations [9]. Nevertheless, the Raman crys-
tallinity factor found in such a way can also provide 
the sufficient information about the variations of 
silicon phases [6], [7]. 
 The summarized Raman measurements data for 
Si deposited on the substrates with different haze 
level are presented in figure 2.4 (b). As one can see 
from this figure, there is no significant variation in 
the silicon Raman crystallinity factor (all values stay 
within 0.54–0.61 interval) for these structures. As a 
general tendency, the layer crystallinity is becoming 
slightly worse for higher haze values (both in front 
and back side measurement configurations), while 
its behavior at low haze stays unclear (the big oscil-
lation range is then observed). The obtained varia-
tions are appeared to be significantly smaller com-
paring to data reported in [7], where Raman crystal-
linity factor was decreasing from 50 to 20% follow-
ing the transition between flat (low haze) and rough 
(large haze) layers (unfortunately, no roughness/haze 
values were then reported). The reason of this differ-
ence can be connected with similar surface state of 
all our layers, which were grown by the identical 
CVD process (only the deposition time was then 
varied), while different TCO materials and deposi-
tion methods were tested in [7]. 
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a) b) c) 
Figure 2.3 – Cross-section SEM of a-Si:H/μc-Si:H layers grown on ZnO:B films at their different 
optical haze levels: a) >2%; b) ~20%; d) ~40 % 
 
0
500
1000
1500
2000
2500
3000
3500
4000
4500
250 300 350 400 450 500 550 600 650 700 750
Raman shift (cm-1)
C
ou
nt
s 
(a
.u
.)
<2%
20%
30%
40%
0.53
0.54
0.55
0.56
0.57
0.58
0.59
0.60
0.61
0.62
0 5 10 15 20 25 30 35 40 45
TCO substrate haze (%)
R
am
an
 c
ry
st
al
lin
ity
 fa
ct
or
 
Front: TCO/a-Si:H/uc-S:iH
Front:TCO/uc-Si:H
Back: TCO/a-Si:H/uc-Si:H
Back: TCO/uc-Si:H
 
a) b) 
Figure 2.4 – Raman spectra (a) and recalculation of silicon Raman crystallinity factor (Rc) as a function 
of haze of underlying ZnO:B layers (b) 
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Figure 2.5 – XRD spectra of ZnO:B film (a) and deposited a-Si/μc-Si layers (b) 
 
 The additional XRD studies performed on the 
samples with maximum variations of Raman micro-
crystalline factors (corresponding to <2%, 20% and 
40% haze levels of TCO) did not show any signifi-
cant structural difference (see figure 2.5 (b)). All 
layers are appeared to be amorphous without any 
clear trace of XRD peaks of silicon phases, while 
ZnO underlying films have well resolved crystalline 
structure with a preferable orientation along (11–20) 
crystallographic plane (see figure 2.5 (a)). Such a 
kind of ZnO layer structure is typical for LPCVD 
processes at selected temperature/DEZ flow process 
conditions [10], [11]. 
Thus, regardless of the significant difference in 
the underlying ZnO layers surface morphology, the 
amorphous/microcrystalline silicon films grown on 
them are appeared to have very similar crystalline 
structure with minor changes in their crystallinity 
factors (see figure 2.4) under the proportional in-
crease of the surface roughness (see figure 2.2). 
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2.2 Optical/light trapping properties  
The light trapping properties of deposited 
ZnO:B and resulting ZnO:B/a-Si:H/μSi:H structures 
were studied by optical measurements of their 
transmittance (T) and reflectance spectra (R) in vis-
ual and close IR range (300–2000nm). The optical 
absorption (A) was then subsequently recalculated 
from the measured transmittance/reflectance values 
as A(λ)= 1–T(λ)–A(λ) (see figure 2.6).  
 The obtained optical spectra were then treated 
in order to get the average optical reflection and ab-
sorption values in 400-1100 nm wavelength interval 
(see figure 2.7). As one can see from these data, the 
optical absorption of ZnO layers (corrected over the 
glass substrate) increases from 2 to 5% for the haze 
value grown till 25% (700–1900 nm thickness (fig-
ure 2.1 (b)) with a subsequent slow approximation to 
5.8% in 25–50% haze interval (see figure 2.7 (a)). 
Similar  behavior  is   observed   for   glass/ZnO:B/ 
/a-Si:H/μc-Si:H layers but with much higher varia-
tion amplitudes: from 53 to 66% over 2–20% sub-
strate haze values and from 66 to 69% in subsequent 
20–40% haze interval (see figure 2.7 (b)). Thus, the 
light trapping effect is close to the optimum at 20% 
TCO haze level and its further rising does not bring 
any significant improvement, while the absorption 
losses in ZnO:B are increased. 
 An interesting effect was observed following 
the a-Si/μc-Si band-gap values at the different opti-
cal haze level of ZnO layers, which was measured 
deriving their cut-off frequencies from the corre-
sponding spectral curves (see figure 2.6 (b)). The 
band-gap values of corresponding silicon films are 
found to be dramatically decreased (from 1.37 to 
1.12 eV) under the TCO substrate haze increased 
from 0 to 20% with a subsequent stabilization 
around ~1.1 eV (see figure 2.8). Regarding the pre-
vious data, where no significant structural change of 
grown silicon films was occurred at different ZnO 
surface morphology (see figure 2.4–2.5), one can 
link the observed variations to the difference be-
tween the hydrogen content of grown a-Si:H/μc-Si:H 
layers [12]. 
 
 
  
a) b) 
Figure 2.6 – Absorption spectra of index matched [1] ZnO:B layers (a) and absorption spectra of resulting 
glass/ZnO:B/a-Si:H/μc-Si:H structures grown on those layers (b). Note the difference in the maximum optical 
absorption and cut off wavelength 
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Figure 2.7 – The average optical absorption/reflection within 400-1100 nm interval (visual and close 
infrared light) for ZnO:B front contacts (a) and glass/ZnO:B/a-Si:H/μc-Si:H layers processed on them (b). 
The ZnO:B absorption is measured under index matched conditions with a subsequent correction to the glass 
substrate transparency 
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Figure 2.8 – Band-gap of a-Si:H/μc-Si:H layers as a 
function of optical haze of underlying ZnO:B films 
(derived from the data in figure 2.6 (b)) 
 
Thus, the low haze TCO film leads to the 
higher hydrogenization level of grown silicon layers, 
which approximates to the maximum value of 
1.46 eV corresponding to the reference sample 
grown on the clean (without ZnO coating) glass sub-
strates. The thicker TCO films with the higher opti-
cal haze lead to the simultaneous hydrogen content 
decrease and it reduces the band-gap level of formed 
a-Si/μc-Si films up to 1.1 eV, which corresponds to 
the value of non-hydrogenized silicon [12]. Since all 
a-Si:H/μc-Si:H films grew at the same process con-
ditions, the observed hydrogen loss can only be con-
nected to its extraction by ZnO:B layers at the inter-
face area. The intensity of that process is affected by 
the substrate surface morphology, which is directly 
linked to the optical haze value.       
 
 Conclusion 
The influence of CVD deposited ZnO:B layer 
morphology (attributed to their optical haze value) 
on optical (light trapping effect) and structural 
(mainly, degree of crystallization) properties of 
ZnO:B/a-Si:H/μc-Si:H structures has been studied. 
The TCO substrate haze values varied between 2 
and 50% by the adjustment of their thickness via 
CVD process time.  
It was found that the crystallinity of deposited 
a-Si:H/µc-Si:H structures has a poor correlation with 
an optical haze value of ZnO:B substrate layers on 
which they were deposited. Normally, the Raman 
crystallinity factor is only ~5% decreased for the 
optical haze increasing from 2 to 50%. One can ex-
pect this dependence from the effect of the TCO 
substrate’s roughness on the PECVD growth of 
microcrystalline silicon layers.  
The light trapping effect of TCO layers was 
found to be close to the optimum at their optical 
haze value above 20% (~65% light absorption of 
corresponding glass/ZnO:B/a-Si/μc-Si structures in 
400–1100 nm wavelength interval). This was ac-
companied by a  significant  decrease  of  a-Si:H/ 
/μc-Si:H band-gap values, which can be connected 
to the lowered hydrogen dilution within the silicon 
layers formed on rough ZnO:B substrates.  
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